This study aimed to determine the effects of long-term running exercise on spatial learning, spatial memory, and cortical capillaries in aged rats.
Background
Many studies have indicated that brain functions and structures in humans and other mammals can be maintained and promoted by exercise [1] [2] [3] [4] . Colcombe et al. (2006) demonstrated that gray and white matter volumes increased in older humans who participated in aerobic exercise [1] . Previous studies have demonstrated that exercise intervention promotes neurogenesis in the hippocampus [5, 6] , and the number of newborn neurons in the hippocampi of both young adult and aged mice have also been shown to be increased by running [6, 7] . Kronenberg et al. (2006) determined that exercise reduces the typical age-dependent decline in neurogenesis that occurred in sedentary adult animals [8] . The fundamental function of cerebral perfusion is sustained by capillaries, and brain blood vessels are influenced by exercise in many ways. Exercise has been shown to reduce stroke risk factors, such as hypertension, diabetes, and dyslipidemia [9] , improve cerebral blood flow [10, 11] , promote angiogenesis [12] and improve cerebral blood volume [1] . Isaacs et al. (1992) demonstrated that running rats had more blood vessels than control-housed rats [13] . The cerebral cortex is one of the most important brain structures, and exercise plays an important role in maintaining brain function. What are the effects of aerobic running on cortical capillaries? Using the noninvasive technique functional magnetic imaging (fMRI), Swain et al. (2003) determined that angiogenesis occurs in the motor areas of the cerebral cortex as a strong adaptation to prolonged exercise [14] . Previous studies in rodent models have found that the structure and function of the brain peaks during middle age and then starts to slowly decline. In those previous studies, 14 months old was considered middle aged, 18 months old was considered the beginning of old age, and 28 months old was considered old age in rats [15, 16] . As a lifestyle, exercise running is always a long-term repeated process. To better determine the effects of long-term running exercise on spatial learning, memory and cortical capillaries in aged rats, we allowed rats to run for 4 months or 14 months, starting at 14 months old and ending at 18 or 28 months old, respectively. Our group Huang et al. (2013) has previously investigated the effects of 4 months of exercise on the cortical capillaries of middle-aged rats (from 14 to 18 months old) using stereological techniques, they found that the volume, length and surface area of cortical capillaries in the exercised group (EG) were significantly increased in the females but unchanged in the males compared with the non-exercised group (NG) [17] . However, to date, researchers have not examined the effects of long-term exercise on cognitive ability and cortical capillaries in aged rats. Additionally, it is unknown whether there is a sex difference in the effects of long-term aerobic running exercise on cognitive ability and cortical capillaries in aged rats. Therefore, in the present study, the Morris water maze was used to test spatial learning and memory, and immunohistochemical and stereological methods were used to examine the effects of 14 months of running exercise on the cortical capillaries in aged male and female rats.
Material and Methods

Animals
Forty male and 40 female 14-month-old Sprague Dawley rats were obtained from the laboratory animal center of Chongqing Medical University, P. R. China. The animals were housed at the laboratory animal center of Chongqing Medical University and maintained with a controlled temperature (22±2°C) and a 12-h light/dark cycle. Each standard plastic cage housed 3 or 4 rats, and the rats were given food and water ad libitum. The male and female Sprague Dawley rats were randomly divided into the EG (n=20) and the NG (n=20).
The 14-month-old male and female rats were randomly divided into the following groups. In 1 group, the rats ran for 4 months, from 14 to 18 months of age (18 m EG, n=10). Another group of rats ran for 14 months, from 14 to 28 months of age (28 m EG, n=10). After the running exercise was completed, the rats were tested in the Morris water maze. The male and female NG rats were randomly divided into the 18 m NG group (n=10) and the 28 m NG (n=10). All of the NG rats were housed under conditions identical to those of the EG but without running. The numbers of rats in each group that were excluded from the analysis due to tumors or other causes at 28 months old were as follows: 1 male EG (10%), 2 male NG (20%), 2 female EG (20%), and 1 female NG (10%). All procedures were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Exercise training
A straight 6-lane tread-mill (600×95×115 per lane) with an electrical stimulator connected to a manual control system (Beijing Sunny Instruments Co. Ltd., Beijing, China) was used to exercise the rats. In the EG, the rats were trained to run on the treadmill for 4 months or 14 months, as indicated. The first 2 weeks represented an adaptation period. All of the rats in the EG were acclimated to the treadmill by sitting on it during the first day of training. These rats subsequently learned to run on the treadmill, and the speed was slowly increased from 5 to 20 m/min for 20 min/ day. Each rat ran at the speed of 20 m/min for 5 days/week from the third week until the end of the experiment [7, [18] [19] [20] . The NG rats were housed under identical conditions but without running.
Morris water maze test
To examine the changes in learning and memory ability of the rats during the period of exercise training, the 18-month-old and 28-month-old EG rats were tested using the Morris water maze after 4 or 14 months of running, respectively, along with the NG rats of the corresponding ages. A circular pool (1.5 m in diameter) connected to an automatic tracking and analysis system (SLY-R01 & WMS, Beijing Sunny Instruments Co. Ltd., Beijing, China) was used to complete the experiment. The water was darkened with ink, and a controlled temperature (22±2°C) was maintained during the test. Each rat was tested in 4 different quadrants -labeled A, B, C and D -for 6 days, with 4 trials/day. The starting position of the 4 experiments was the same each day, and the order of the starting position in the 4 experiments for all animals was the same on the same day. However, the order of the start position was randomly determined each day. The rats faced the wall of the pool while they were slowly placed in the water. A visible platform was used on the first day, and a hidden platform was used on the next 5 days. The platform remained in the same quadrant for 6 days. In each experiment, the animal was allowed to swim for up to 120 s until it located the platform and then remained on the platform for 15 s. If the rat did not locate the platform within 120 s, it was guided to the platform and remained on the platform for 15 s. The inter-trial interval for each animal was more than 15 min. The distance and time required to reach the platform (escape latency) were automatically recorded by a video tracking system [21] [22] [23] .
Perfusion and estimation of cortex volume
After the tests of spatial learning and memory, 5 male and 5 female rats were randomly selected from the 28 m EG and NG rats, respectively. The rats were deeply anaesthetized via an intraperitoneal injection of 1% pentobarbital sodium (Sigma, Germany) 0.4 ml/100 g. The rats were subsequently perfused with 100 ml of 4% paraformaldehyde in 0.6 M phosphate-buffered saline (pH 7.4). The cerebellum, brain stem, and cranial nerves, which are under the pavimentum cerebri, were removed, and the cerebral hemispheres were removed after the perfusion. The hemispheres were embedded in 6% agar and cut into 1-mm-thick coronary slabs randomly starting at the rostral pole ( Figure 1 ).
The slabs were photographed under a dissecting microscope at a magnification of 10×. A transparent plastic sheet marked with equidistant points was randomly placed on the caudal surface of each photographed slab, and the points that hit the cortex were then counted ( Figure 2 ). The cortex volume was calculated according to Cavaleiri's principle [24, 25] :
Vcortex = t × a(p) × ∑Pcortex
where Vcortex indicates the total volume of the cortex, t indicates the slab thickness (1 mm), a(p) indicates the area associated with each grid point (0.06 mm 2 ), and SPcortex indicates the total number of grid points that hit the cerebral cortex for each rat.
Cortex sampling
After the total volume of the cortex was measured, the slabs were randomly sampled every 3 slabs, and the first slab was randomly sampled in the first 3 slabs. Equidistant light points were randomly projected on the occipital surface of the sampled slabs. Tissue blocks of approximately 1 mm 3 were cut from the cortex where the points on the plastic sheet hit the cortex, and 5-6 blocks were sampled per rat. This systematic random sampling ensures a uniformly random distribution of the cortex samples and provides an equal sampling probability for all parts of the cortex.
The randomly selected slabs of the hemisphere were postfixed in 4% paraformaldehyde for more than 2 h. The samples were The embedded samples were subjected to the isector technique to obtain the isotropic, uniform random (IUR) sections [25, 26] . After the IUR surface was obtained, 1 section with a thickness of 5 μm was cut from each block along the direction parallel to the IUR surface (hereafter referred to as the IUR sections). The isector technique ensures that the capillaries have the same probability of being sampled in each direction of 3-dimensional space.
Immunohistochemistry
The sections were immersed in citrate buffer (0.01 M, pH 6.0) and then microwaved for 15 min for antigen retrieval. After cooling, the sections were washed twice in PBS (0.01 M, pH 7.4) and then soaked in 3% hydrogen peroxide for 10 min at room temperature to inactivate endogenous peroxides. Next, the sections were washed 3 times in PBS for 5 min prior to incubation with 5% normal goat serum for 20 min at room temperature to exclude nonspecific staining. Then, the sections were incubated at 4°C overnight, followed by incubation at 37°C for 1 h with rabbit polyclonal anti-collagen IV primary antibody as the primary antibody (ab6586; Abcam, Cambridge, UK) at a dilution of 1:200 in PBS. Next, the sections were washed 3 times in PBS for 5 min each. The sections were transferred to a solution containing biotinylated goat-anti-rabbit immunoglobulin G as the secondary antibody and incubated for 20 min at 37°C. The specimens were incubated with S-A/HRP at 37°C for 20 min, followed by 3 washes in PBS for 5 min. The sections were then transferred to a diaminobenzidine (DAB) solution (DAB, ZLL-9032, ZSGB, Beijing, China) as a chromogen for approximately 10 min. The sections were dehydrated in gradient ethanol and xylene by sequential immersion, cover-slipped, and viewed under light microscopy (Olympus, Tokyo, Japan). From each section, 4-6 fields of view were randomly captured from the cortex under a 100× oil objective lens. The vessels with a luminal diameter of less than 10 μm were defined as capillary net components [17, 27, 28] .
Estimation of the total length, total volume and total surface area of the cortical capillaries An unbiased counting frame was randomly superimposed on each captured photograph ( Figure 3A) . The length density of the capillaries in the cerebral cortex was estimated with a previously described stereological method [17, 28] :
where SQ (cap) denotes the total number of the capillary profiles counted per rat cortex, and SA (frame) is the total area of counting frames used per rat. The total length of the cortical capillaries equaled the cortex volume, Vcortex, multiplied by the length density of the cortical capillaries, Lv(cap/cortex).
A transparent point grid was randomly placed on the photographs. The points that hit the capillaries, SP (cap), and the points that hit the cortex, SP (C), were counted ( Figure 3B ). The volume density of the cortical capillaries, Vv(cap/cortex), was calculated using the following equation [17, 28] :
The volume density of the cortical capillaries, Vv(cap/cortex), multiplied by the cortex volume (Vcortex) was the total volume of the cortical capillaries [17, 28] .
Test lines were randomly placed on each photograph. The intersection points between the test lines and the capillary luminal surface, SPI (cap), and the total length of the lines that hit the cortex, SL(C), were recorded ( Figure 3C ). The surface area density of the cortical capillaries, Sv (cap/cortex), was estimated using the following equation [17, 28] : 
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The surface area density of the capillaries, Sv (cap/cortex), multiplied by the cortex volume (Vcortex) was the total surface area of the cortical capillaries [17, 28] .
Statistical analysis
All data are expressed as the means ± standard deviation (SD), and analyses were performed with SPSS 17.0. The statistical significance of the change in the spatial learning ability over days was analyzed using a repeated measures analysis of variance (ANOVA). The statistical significance of the morphological data was assessed using a Mann-Whitney non-parametric test. Significant differences were defined as p < 0.05.
Results
Effects of long-term exercise on spatial learning ability
On the first day, with the visible-platform test, there were no significant differences in the escape latency between the EG and NG in 18-month-old (18 m) and 28-month-old (28 m) male and female rats, respectively (p>0.05, Figures 4A, 4B; 5A , 5B). In the hidden-platform test from the second day to sixth day, comparisons of the escape latencies from the Morris water maze demonstrated that after 4 months of treadmill exercise, the spatial learning and memory abilities of the 18 m EG were significantly improved compared with the NG in female rats (p<0.05, Figure 4A ), whereas the spatial learning and memory abilities of the 18 m EG were not significantly different from those of the 18 m NG in the male rats (p > 0.05, Figure 4B ). After 14 months of treadmill exercise, comparisons of the escape latencies in the Morris water maze indicated that the spatial learning and memory abilities of the 28 m EG were significantly improved compared with the 28 m NG in the male rats (p<0.05; Figure 5B ), whereas the spatial learning and memory abilities of the 28 m EG were not significantly different from the 28 m NG in the female rats (p>0.05; Figure 5A ).
Cortex volume
The mean cerebral cortex volume in the 28 m female rats was 608.20±44.44 mm 3 in the EG and 614.20±60.07 mm 3 in the NG, which was not significantly different (p>0.05; Figure 6 ). In the 28 m male rats, the mean cerebral cortex volume was 591.40±55.24 mm 3 in the EG and 532.90±52.18 mm 3 in the NG; the cortex volume in the EG increased by 12.89% compared with the NG, but this difference was also not significant (p>0.05; Figure 6 ).
Cortical capillaries
Immunohistochemistry of the cortical capillaries
The representative immunohistochemical staining for the cortical capillaries of 28 m NG and EG rats of male and female groups is presented in Figure 7 .
Stereological results for the cortical capillaries
Length of the cortical capillaries
The total length of the cortical capillaries in the 28 m female rats was 439.91±115.28 m in the EG and 418.92 ± 60.22 m in the NG, which was not significantly different (p>0.05; Figure 8 ). The total length of the cortical capillaries in the 28 m male rats Figure 8 ).
Volume of the cortical capillaries
The volume of the cortical capillaries in the 28 m female rats was 18.97±9.25 mm 3 in the EG, a significant increase compared with the 10.84±2.37 mm 3 in the NG (p<0.05; Figure 9 ). The volume of the cortical capillaries in the 28 m male rats was 17.46±6.11 mm 3 in the EG, a significant increase compared with the 3.61±1.71 mm 3 in the NG (p<0.01; Figure 9 ).
Surface area of the cortical capillaries
The surface area of the cortical capillaries in the 28 m female rats was 79.17±18.90 cm 2 in the EG, a significant increase compared with the 41.62±9.02 cm 2 in the NG (p<0.05; Figure 10 ). The surface area of the cortical capillaries in the 28 m male rats was 97.53±38.29 cm 2 in the EG, a significant increase compared with the 23.55±10.97 cm 2 in the NG (p<0.01; Figure 10 ). 
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Discussion
The current study investigated the effects of long-term aerobic exercise on spatial learning, memory, and physiological characteristics of the cortical capillaries in aged male and female rats. Aerobic treadmill running was used as the exercise model. Because the effects of an exercise program depend on the intensity and duration of the exercise, the magnitude and quality of the response depend on the exercise program [20] . When treadmill aerobic running exercise was previously used as a training method, it had strong concurrent validity and test-retest reliability [29] , and we could quantitatively control the running intensity. However, using other forms of training exercise, such as wheel running and swimming, we could not quantitatively control the running intensity [30] . 
951
Previous studies have suggested that learning and memory gradually decline with advancing age in humans and rats [31, 32] . In recent years, many studies have reported that aerobic exercise may delay the cognitive decline of the aged brain [33] [34] [35] [36] . However, Asl et al. (2008) demonstrated that regular aerobic running could induce improvements in the spatial learning and memory capacities of young rats, whereas regular running exercise could not improve the spatial learning and memory capacities of aged rats [37] . In the current study, we demonstrated that after 4 months of treadmill exercise, the spatial learning abilities of the 18 m male EG rats were not significantly different from the 18 m male NG rats. However, after 14 months of treadmill exercise, the escape latencies in the Morris water maze indicated that the spatial learning abilities of the 28 m male EG rats were significantly improved compared with the 28 m male NG rats. In the female rats, after 4 months of treadmill exercise, the spatial learning and memory abilities of the 18 m EG rats were significantly improved compared with the NG rats, but the escape latencies were not significantly different between the 28 m female EG and NG rats. These results suggested that long-term exercise that was initiated in middle age could affect the spatial learning and memory abilities of both male and female EG rats.
Moreover, we found that the exercise-induced improvement of behavioral performance in the aged male rats needed much longer exercise time than for the female rats and that the benefits of exercise in the male rats mainly manifested in the aged rats. In the female rats, the exercise-induced benefit mainly appeared in the middle-aged rats, and there was no significant exercise-induced improvement of the behavioral performance in the aged female rats.
Long-term aerobic running may provide an easy method for sustaining and promoting brain function. What are the structural bases for the positive effects of exercise on brain function? Previous studies have demonstrated that exercise increases the volumes of various brain structures in humans and other animals [2] [3] [4] . After long-term exercise, capillaries were increased in the motor cortex [14, 38] , cerebellum [13, 39] and striatum [40] . The increase in the capillaries in the brain may be closely related to improvements in brain function after long-term running. However, previous studies used only a capillary density measurement, which may not reflect changes in the total number of capillaries. Moreover, because the cortical capillaries are not arranged isotropically, it has been difficult for previous researchers to accurately quantify the cortical capillaries. In the current research, the volume, length, and surface area of cortical capillaries were evaluated using modern stereological methods. These techniques avoided the potential biases associated with density calculations. Moreover, in the present study, isotropic, uniform random (IUR) sections were obtained using the isector technique to ensure that all cortical capillaries had an equivalent possibility of being sampled in all orientations [28] .
van Pragg et al. (2005) reported that after 45 days of running, exercise increased the perimeter and surface area of the blood vessels in the dentate gyrus of young mice but not aged mice [7] . In our previous study, Huang et al. (2013) , we used stereological methods to demonstrate that after 4 months of running, the volume, length and surface area of capillaries in the cortex of middle-aged female EG rats were significantly increased compared with those in middle-aged female NG rats. However, the differences in the cortical capillaries were not significantly different between the middle-aged male EG and NG rats [17] . In the present study, we extended the running time to 14 months to better mimic a long-term exercise lifestyle in humans. We then investigated the effects of longterm running on the cortical capillaries in aged rats and found no significant differences in the cortex volume in EG aged rats compared with NG aged rats in both the male groups and the female groups. Additionally, our results indicated that the volume, length and surface area of the cortical capillaries in the EG were significantly enhanced compared with the NG in the female rats, although the difference in the lengths of the cortical capillaries was not significantly different between the female EG and NG rats. For the male rats, the volume, length and surface area of the cortical capillaries in the EG rats were significantly enhanced compared with the NG rats.
We found that in both male and female aged rats, 14 months of long-term running exercise had positive effects on the cortical capillaries, but there was a sex difference in the effects of long-term aerobic running exercise on the cortical capillaries in aged rats. The total volume, the total surface area and the total length of the capillaries in the cortex of male EG rats were significantly increased compared with those of male NG rats. However, in female rats, only the total volume and the total surface area of the cortical capillaries in EG rats were increased compared to those of NG rats. The slight discrepancy in the effects of exercise on the capillaries of the cortex in male and female rats was not surprising because most vessels formed postnatally are short capillaries that contribute substantially to branching and less to length [41] . The proliferation and sprouting of new capillaries significantly contributed to the increase in the total volume and the total surface area but not the total length in female EG rats compared with female NG rats. We speculate that the increase in the cortical capillaries in the aged rats might be an important structural basis for the effects of long-term aerobic running on brain function in aged rats. The cognitive functions of aged rats are affected by age-related morphological changes such as the changes in nerve cells, synapses and nerve fibers and other factors that occur during normal aging [42] [43] [44] . These changes might partly explain why the 28-month-old female rats showed an exercise-induced increase in the cortical capillary parameters but not an exercise-related improvement in the behavioral performance. However, the exact relationship between the exercise-induced changes in the parameters of the cortical capillaries and the exercise-induced changes in the behavioral performance requires further investigation.
What are the possible reasons for the differences between the current and previous studies and for the differences between the sexes? We speculate that differences in the animal species and brain regions examined, the quantitative methods used and the duration of the exercise paradigm might explain the differences in the results between the current and previous studies. The differences in the effects of exercise on male and female animals between Huang's study and the present study might be related to the differences in estrogen levels. The previous study demonstrated that aerobic exercise could strengthen the effects of estrogen on brain health, plasticity and general well-being, and females were more sensitive to exercise interference because of increased estrogen levels [45] . In aged female rats after a long-term experiment, estrogen levels declined with aging, and the protective effect of estrogen on brain function may decline compared with that in middle-aged animals [46] . This result may explain why the treadmill exercise could improve the brain function of female rats in middle age but not in old age, and it may also explain why the effects of treadmill exercise on cortical capillaries of aged male and female rats were similar despite the significant differences in middle-aged male and female rats. However, the exact reasons for these differences remain unknown and require further investigation.
In summary, long-term exercise had protective effects on the cortical capillaries in aged male and female rats, and these effects might be an important structural basis for the effects of exercise on spatial learning and memory abilities in aged rats. The present results may provide an important foundation for future research into developing advanced methods to delay or prevent the decline in brain function with aging.
Conclusions
Our results show that long-term exercise had positive effects on spatial learning and memory capacity in aged female rats and aged male rats. Long-term exercise increased the total volume, total length and total surface area of cortical capillaries in aged male EG rats. Additionally, long-term exercise increased the total volume and total surface area of cortical capillaries in aged female EG rats. The present results may provide an important basis for the identification of better strategies for delaying or preventing the age-related decline in brain function.
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